This study investigated the effect of soaking time on the quality of parboiled rice. The paddy was soaked in water at 25 and 80°C for 15, 30, 45, 60 and 120 min. The soaked paddy was steamed, dried, stored and milled. With increasing soaking time a significant increase in water absorption and milling and head rice yield (hence reduction in broken rice) was observed. A significant difference in milling yield, at the 1% level, was obtained between the raw rice control and the hot soaked parboiled samples. A large reduction in fissured grain was observed after soaking. It is suggested that parboiling fills the void spaces and cements the cracks inside the endosperm, making the grain harder and minimizing internal fissuring and thereby breakage during milling.
Introduction
Rice is one of the leading food crops of the world and is second only to wheat in terms of annual production for food use. It is the staple food of over half of the world's population (e.g. Ali & Pandya, 1974) . About 90% of the world's rice is produced and consumed in Asia (Marshall & Wadsworth, 1993) . The world's rice production increased from 520 million tonnes in 1990 to 597 million tonnes in 2000 (FAOSTAT, 2001) . Approximately 50% of the world's paddy production is parboiled. Parboiling is practised in many parts of the world such as India, Bangladesh, Pakistan, Myanmar, Malaysia, Sri Lanka, Guinea, South Africa, Italy, Spain, Thailand, Switzerland, USA and France (Pillaiyar, 1981) . In India and Bangladesh, respectively, about 60 and 90% of the total rice consumption is parboiled (Choudhury, 1991) .
Parboiling is a hydrothermal treatment applied to raw paddy. During this process, grain changes its physical properties as starch gelatinizes because of the heat treatment in the presence of water. Parboiled paddy provides a higher milling yield and reduces nutrient loss during milling and cooking (Rao & Juliano, 1970) . Cracks, developed within the grain during maturity, cause breakage upon milling. These internal cracks, which cannot be seen by the naked eye, split the grains into smaller portions during cooking and precooking washes. Such breakage of rice may be eliminated by proper soaking and steaming (Ali & Pandya, 1974) .
Parboiling includes soaking, steaming and drying. The main objective of soaking is to achieve quick and uniform water absorption (Wimberly, 1983) . This water absorption may be increased to obtain a desirable moisture content of the soaked paddy, either by increasing the duration of soaking or soaking at an elevated temperature. During the parboiling process, about 30% moisture content, wet basis (w.b.), is required in soaked paddy for proper hydration (Gariboldi, 1974) , which may be achieved when the paddy is soaked at a room temperature for 36-72 h (Farouk & Islam, 1995) . Cold soaking nevertheless requires a large quantity of water and is time-consuming and labour intensive.
During soaking, when grain moisture exceeds 30-32%, the husks split causing leaching and, ultimately, deshaping of the rice. High temperature soaking should therefore be strictly monitored and stopped at the appropriate point when the moisture content of the rice is about 30% (Bhattacharya, 1985) .
Rice processing loss is high in Asia, particularly in Bangladesh where c. 6.7% loss has been reported (Haque et al., 1997) because of primitive processing methods. Calculating from a reported yearly production of c. 14.1 million metric tonnes this loss is equivalent to 941 000 metric tonnes, which could be used to feed c. 10.5 million people. In Asia and Africa, paddy is generally soaked in cold water for 24-48 h, which produces a high population of anaerobic bacteria, lactic acid bacteria, staphylococci and yeast. This period of soaking and use of the same water repeatedly produces off odour, poor quality and bad taste in the final product (Ramalingam & Raj, 1996) . From the commercial and consumers' point of view, the main quality criteria of parboiled rice are: optimum milling yield; maximum head rice; minimum broken grain; negligible internal fissuring; uniform grain size; and desirable colour and aroma.
Although a few studies have been conducted on soaking, no systematic study has been performed to observe the effect of hot soaking on the degree of water absorption and milling qualities. As the introduction of hot soaking for an appropriate duration may save valuable processing time and improve the quality of parboiled rice, this study has been undertaken to test the hypothesis that an appropriate soaking condition for producing a desirable quality in parboiled milled rice can be identified.
Materials and methods
A high yielding long grain rice variety (BR4), developed by the Bangladesh Rice Research Institute, was used throughout the experiment. The paddy was grown in Bangladesh during August to December 1997. After harvesting, the grains were separated from panicles by the drum beating method and dried by spreading on a solid floor under the sun to achieve a moisture content of typically c. 14%. About 97% matured filled grain was obtained. The mean length/breadth ratio of ten randomly selected grains was 2.7. The amylose content of this rice variety is 25% (Biswas et al., 1992) and the granule size was within the range of 5-8 mm (Ali & Pandya, 1974) .
About 20 kg of paddy sample was brought to the UK in January 1998 (about a month after harvesting). Each of 20 polythene bags (250 lm thick) was filled with 1 kg of sample, sealed and stored in an incubator at 25°C.
Determination of moisture content (%)
The moisture content of the paddy was determined by the standard oven method (BS 1980) . Grains were ground in a plate mill (model -MLI 204, Nickerson Brothers Ltd, Lincon, UK) and three samples of about 5 g each were placed in tin dishes in the oven at 130°C for 2 h. The dishes were taken from the oven and cooled for 10 min in a desiccator. Moisture content was calculated from:
where m 1 and m 2 are weights (g) of wet and dry sample, respectively.
Determination of bulk density and porosity
The porosity (e) of the paddy was calculated by measuring the true density (q t ) using the pycnometer method (Mohsenin, 1970) and the bulk density (q b ) using a Jencons Void Meter (Jencons Scientific, Hemel Hempstead, UK), as e(%) ¼ (1 -q b /q t ) · 100. Measurements were repeated five times.
Determination of the quantity of soaking water
According to IDRC (1976) , the total quantity of water absorbed during the soaking operation is:
where W is the quantity of water (kg) required for soaking (excluding evaporation loss), w d the weight of paddy at initial moisture content (kg), m i the initial moisture content of paddy (%), m f the final moisture content of soaked paddy (%), w p the weight of water required to fill the intergranular spaces (kg) and is expressed as:
where q w is the unit weight of water (1000 kg m -3 ). During the parboiling process, evaporation occurs. Several researchers have used different quantities of water to compensate for evaporation loss (IDRC, 1976; Marshall & Wadsworth, 1993) . In this experiment, evaporation loss was estimated to be 7.5%, by trial and error, and therefore the total quantity of water used during soaking was W/(1 -0.075).
Diffusion
Hydration of water into the grain is basically a diffusion process. In early work, Becker (1960) formulated a diffusion equation based on the weight increase of wheat kernels during immersion in water, by using the Fick's law model.
, dry basis), X the average moisture content for a given absorption period (g g -1
, dry basis), X s the effective moisture content at the bounding surface at times >0 (g g -1
, dry basis), S the exposed surface area of paddy (cm 2 ), V the volume of paddy (cm
Km, a constant, the above equation could be written as
Therefore, the isothermal moisture gain during absorption is approximately proportional to the square root of the soaking time (s). As paddy absorbs water through capillary action of the shallow pores, weight increase is rapid at the onset of absorption. Therefore, the basic diffusion equation was later modified to the following form
where X i is the intercept for the straight-line equation.
Cold soaking
Paddy was soaked with tap water for 15, 30, 45, 60 and 120 min. The temperature of soaking water was measured and ranged from 21 to 22°C. A 20-g sample of paddy was weighed in a container with 26 mL of cold water and placed in an incubator at a constant temperature of 25°C.
Hot soaking
A stainless steel pan containing 762 mL of water was heated to 100°C and a 600-g sample of paddy was poured into the pan, which resulted in the temperature dropping by 20°C within 30 s. The pan with a lid was transferred to an oven maintained at a constant temperature of 80°C. Samples were soaked for 15, 30, 45, 60 or 120 min and their moisture contents determined after each soaking treatment, on removal of surface moisture by blotting paper. An exponential mathematical model containing two processes, of the form
) -e -Ct ], was used to fit moisture gain vs. soaking time (t) data, where B and C are time constants. This equation was used to justify the experimental data obtained. The hydration rate was determined from the model equation for each consecutive minute by numerical differentiation.
Pre-conditioning of samples
At the end of each soaking and steaming treatment, c. 6 g of wet grain was taken and placed in a tin container, which was kept uncovered in an oven at 130°C for 10 min. A lid was also placed in the oven, which was included during each weighing. The sample was then removed and cooled, uncovered, at room temperature for 2 h and weighed. The sample was then ground and weighed again. The ground rice was then replaced, uncovered, in the oven at 130°C for 2 h, cooled for 10 min covered with the lid and re-weighed. Each treatment was replicated three times. The following formula was used to calculate the moisture content (MC) (BS, 1980) .
where m 3 is the weight of wet whole sample before pre-conditioning (g), m 4 the weight of wet whole sample after pre-conditioning (g), m 5 the weight of ground sample before drying (g), m 6 the weight of ground sample after drying in the oven (g).
Steaming
Samples were steamed in a 4-L capacity pressure cooker at an excess pressure of 1 atmosphere for 10 min, during which the temperature inside the pressure cooker increased to 121°C. After steaming, tap water was sprayed onto the cooker, through a rubber tubing, at a rate of 140 mL s -1 for fast cooling before opening the lid. Moisture content was then determined on a representative sample and found to be between 32 and 37%.
Moisture meter calibration
One kilogram of paddy was parboiled for calibration of a moisture meter (model Grainer II PM 300, Farm-Tec, Scunthorpe, UK), a capacitance type meter with a specified accuracy of ±0.5%. The initial moisture content of steamed paddy was determined by the oven method using c. 20 g of sample. The remaining paddy was placed in a thin-layer drier. After 1 h, two samples of 100 and 20 g were removed and the moisture content was determined three times by the moisture meter and oven method, respectively. The 100-g sample was then sealed in a plastic jar for 16 h at room temperature (c. 20-22°C) for tempering. The same procedure of moisture determination was followed after every 30 min of drying for 4 h. The moisture content of the tempered grain was also determined by both methods.
Drying and storage of steamed paddy
A thin-layer laboratory scale drier with six sieves was used, in which hot air passed through the grain. The diameter, cross-sectional area and depth of each sieve was 195 mm, 0.03 m 2 and 45 mm, respectively. The initial moisture content was determined by the oven method. The dry bulb temperature, wet bulb temperature and relative humidity were monitored by a sling psychrometer. The wet paddy was divided into six equal parts and placed on the sieves (2 mm aperture) for drying. The average grain depth and drying air velocity were 2 mm and 0.4 m s -1 , respectively. All samples were initially dried at 35°C until the moisture content was c. 18-20%. The drying temperature chosen was based on a study by Uddin et al. (1987) , where a drying temperature ranging from 31 to 37°C was used. Samples were then subjected to 16-h tempering in a sealed plastic container at c. 20-22°C. Finally, after about 45 min of further drying at c. 22-24°C, a moisture content reading of 16% was achieved, which, as will be seen later, is equivalent to a moisture content of 14% as determined by the oven method.
Tempering of paddy during drying is very important for obtaining better milling quality. When the parboiled paddy was dried rapidly without tempering, a steep moisture gradient developed between the surface and the centre of the kernel, setting up internal stresses. At a certain stage, the kernel relieves these stresses by cracking. These cracks are irreversible and set up lines of weakness along which fractures may easily occur under mechanical stress during milling (Bhattacharya & Swamy, 1967) . To avoid this happening, the samples, at a moisture content of c. 18-20%, were kept in airtight plastic containers at c. 22-24°C for 16 h. During this equilibration process, moisture distributed evenly throughout the grain, allowing a precise moisture content to be measured. After drying, the samples were cooled and kept in sealed polythene bags. All samples were stored at a temperature of 25°C in an incubator.
Milling
Rice milling involves two operations, husking and polishing. A 150-g sample of parboiled paddy was dehusked using a Satake rubber roll huller (model THU-35 A, Satake Ltd, Tokyo, Japan). The weight of the cleaned brown rice was recorded. The brown rice was then polished by an abrasive type polisher (McGill Miller no. 2, Rapsco, Brookshire, TX, USA) for 1 min to obtain a typical degree of polish of c. 8%. The weight of the cleaned polished rice was recorded. All samples were replicated three times for the husking and polishing operations. Individual replicate sizes were 150 g samples from each 600 g of the original hot soaked paddy.
Milled rice yield was expressed as the percentage ratio of milled rice after husking and polishing, to the weight of unmilled paddy. Head rice yield was expressed as the percentage ratio of the weight of whole (unbroken) kernel to the weight of the total milled rice yield. Broken rice was quantified as 100 -head rice yield.
Internal fissuring
Fissuring was quantified as the ratio of cracked grain to whole rice, expressed as a percentage. A 150-g sample of paddy was dehusked in a Satake rubber roll huller, giving 114 g of brown rice. A representative sample (c. 10 g) was taken from the dehusked brown rice for monitoring internal fissuring. A magnifying glass was used to identify immature grain, which developed black spots in the hydrothermal treatment. The mature grain was divided into whole and broken rice. Only mature whole rice was used to identify fissured grain. The sample was placed on a Petri dish and investigated thoroughly under a high power stereo microscope equipped with a video monitor. The remaining 100 g of brown rice was polished for 1 min using a McGill abrasive type polisher. The same sorting procedure as above was followed for the polished sample. The head rice obtained after polishing was then monitored for fissured grain using the stereo microscope.
Statistical design
Experimental work was set up as a single factorial design, where soaking time was the main variable. All treatments were replicated three times to achieve reliability of the test results and also to obtain a measure of the experimental error. A completely randomized design (CRD) was used, assuming that the experimental conditions were homogeneous. The experimental data was then analysed by Genostat 5, release 4.1.
Results and discussion

Moisture content, bulk density and porosity of paddy
The initial moisture content of the paddy was 10.8%. The bulk density and porosity of the paddy were 600 kg m -3 and 56.3%, respectively. Following the calculation described in the methodology, 1300 mL kg -1 water was used for soaking.
Water absorption during soaking
The effect of soaking time on water absorption for cold and hot water soaking is shown in Fig. 1 (a double logarithmic plot of moisture content vs. soaking time). The total moisture content after steaming the hot soaked paddy is also shown. After a 15-min soaking, the moisture content of samples from the cold and hot soaking were 14.5 and 23.7%, respectively. On soaking for 120 min, the moisture content for cold soaking increased to 18.8% and for hot soaking to 30.1%. Gariboldi (1974) reported that the required moisture content of properly hydrated soaked paddy is around 30%. There was a further increase in absorbed moisture content on steaming the hot soaked paddy. The paddy hot soaked for 15 min increased to 29.4% moisture content, whereas after 120-min hot soaking the moisture content increased to 37%.
Moisture gain during soaking
A steaming treatment was used on all hot soaking operations before the paddy was dried and milled, although only soaking data was considered for comparison purposes. Figure 2 shows moisture gain as a function of the square root of soaking time. Initially the paddy absorbed moisture very rapidly because of the capillary imbibition of the shallow pores. The vapour pressure difference between the water and the paddy accelerates this migration of water. As a result, the husk itself, and the space between husk and endosperm, filled with water very quickly. This initial moisture gain because of rapid hydration is evident in Fig. 2 . The linearity of the graph suggests that the diffusion equation is applicable to the hydration of paddy. However, neither of the fitted lines on extrapolation passed through the origin, suggesting a rapid absorption at the onset of the process. Similar findings were reported by earlier workers (Bandopadhyay & Ghose, 1965; Bandyopadhyay & Roy, 1976) . They observed different intercepts and slopes for the corresponding soaking temperatures. In our study, it was observed that the hot water soaking generated about a six-fold higher intercept than the cold water soaking. The dependence of the rate of water uptake on temperature at the commencement of soaking may be explained by the increase in the diffusion coefficient with the rise in temperature. The other important factor responsible for the rapid swelling is the partial gelatinization of starch at high temperature.
The plot of net moisture gain (g g -1
, d.b.) vs. reciprocal soaking time (Fig. 3) suggested two distinct processes occurring over two different soaking time ranges for either soaking method.
Because of this, moisture gain data was plotted against soaking time using an exponential curve with two time constants (Fig. 4) . The results indicated that the initial moisture gain increased , dry basis) and soaking time during hot soaking at 80°C (d) and cold soaking at 25°C (s). The corresponding degree of gelatinization obtained from Miah et al. (2002) is shown on the second x-axis.
sharply up to 45 min of soaking (where the starch was c. 57% gelatinized; Miah et al., 2002) and then gradually flattened. The likely explanation of the rapid moisture gain is that it is because of the fast movement of water through the void spaces and pores of the grain. With increasing gelatinization, it is apparent that many changes in parameters take place, such as viscosity, molecular mobility and hydrodynamic volume, which might play a role in slowing down the diffusion process. However, hot soaking for longer durations allows disruption of hydrogen bonds and weakens the micellar structure of starch granules, allowing more water to penetrate into the grain.
Hydration rate during soaking
The relationship between hydration rate and soaking time is shown in Fig. 5 . For hot soaking the initial hydration rate was very high and gradually decreased, whereas for cold soaking, the initial steepness was not so prominent. This indicates that the higher temperature has a profound effect on water absorption, but after 45 min of soaking (at the end of the first process region), both lines were similar. The most plausible explanation is that when the paddy grain was subjected to soaking at 80°C, the space between the husk and endosperm saturated very quickly through the micropores of the husk. Moreover, during soaking, the air from the endosperm micropores was expelled and replaced by water through capillary action, which caused molecular reorientation of amylose and amylopectin allowing the starch granules to hydrate rapidly. After 45 min of soaking in cold or hot water, hydration approached a negligible equilibrium rate.
Calibration of the moisture meter (Grainer II) Figure 6 illustrates the calibration chart for the moisture meter (Grainer II) against the oven method. The moisture content of untempered and tempered paddy were determined by the oven method and found to be the same, but they differed using the Grainer II. However, for untempered grain the oven method, gave higher results than the Grainer II above a moisture content of 16% (as measured by the Grainer II). This could be the result of the ground samples used in the oven method whereas in the Grainer II method, whole grain is used for the measurement. During drying, more moisture evaporates from the surface of the whole grain than the wet inner endosperm, giving lower values. As drying continues, the difference in moisture between the grain Figure 5 Variation of hydration rate with hot soaking time at 80°C (d) and cold soaking time at 25°C (s). Calculation of the rate of hydration was based on the best fitted curve (Fig. 4) Drying of steamed paddy Figure 7 shows typical drying curves after 45 and 120 min of soaking. The final moisture contents after steaming were 34 and 37% for 45 and 120 min soaked paddy, respectively. When paddy was soaked for 45 min, 18.3% moisture content was obtained after 75 min of drying, whereas paddy soaked for 120 min gave 18.5% moisture content after 90 min of drying. The curves also showed that during tempering, there was c. 2% moisture increase, which suggests a homogeneous distribution of moisture occurred throughout the grain during tempering. After tempering, a further c. 45 min was required to dry the grain to c. 16% as obtained by the Grainer II (equivalent to c. 14% by the oven method). The drying curves showed an exponential decline before and after the tempering process. The relative humidity of the outlet drying air ranged from 85 to 32%.
Effect of soaking time on milling yield and degree of milling
The milling recovery and degree of milling vs. soaking time is shown in Fig. 8 . The increase in milling recovery with soaking time could be the result of hydration (and also gelatinization), which allows husks to separate more readily (Miah et al., 2002) . On the other hand, the degree of milling decreased with an increase of soaking duration on polishing for 1 min. A longer time, however, is required for polishing parboiled rice to obtain the same degree of polishing as raw rice. Less bran was removed in parboiled samples than for raw rice because of the increasing hardness of the endosperm with increasing soaking time. The outer layers (aleurone and subaleurone) are easier to abrade than the inner starchy endosperm layer. The data for milling yield was statistically analysed and it was found that the parboiled rice milling yields were significantly different from the raw rice control at the 1% level, with a coefficient of variation of 0.58%. However, the parboiled samples did not show any significant difference in milling yield between themselves. Drying of parboiled paddy at 35°C to reduce the moisture content to c. 18% (wet basis). The paddy was then subjected to tempering for 16 h before being finally dried to a moisture content of 16%. The data shown are for 45 min hot soaked paddy before tempering (s) and after tempering (e); and for 120 min before tempering (d) and after tempering (r). The corresponding degree of gelatinization is also shown (Miah et al., 2002) .
Head rice and internal fissuring
Like milling out-turn (Fig. 8 ), soaking time also had a considerable effect on head rice yield and internal fissuring (Fig. 9) . As the soaking time increased, both head rice and uncracked grain increased because of less rice being broken during milling. This suggests that a soaking period in conjunction with steaming makes the grain harder by cementing internal cracks to produce more head rice during milling. It can be observed that fissuring improved with soaking up to 30 min (a corresponding starch gelatinization of 43%, Miah et al., 2002) , but thereafter remained approximately constant. All data for head rice were analysed statistically and found to be significantly different to the raw rice control at the 1% level of significance (coefficient of variation ¼ 0.60).
Internal fissuring and breakage during husking and polishing
During milling (husking and polishing), a considerable number of grains are broken depending on parboiling conditions. In this study, it was observed that both fissuring and broken grains decreased with the increasing absorption time (Fig. 10) . During husking, this reduction was steady (Fig. 10a) . However a drastic reduction occurred during polishing (Fig. 10b) for soaking times up to 30 min, thereafter the effect was more or less steady.
The most likely interpretation of this is that the husk loosely covers the endosperm, which thereby experiences less breakage during husking. In polishing however, raw paddy suffers severe Figure 9 Effect of hot soaking time on uncracked grain (d) and head rice yield (s) after milling. The corresponding degree of gelatinization is also shown (Miah et al., 2002) . Effect of hot soaking on milled rice quality M. A. K. Miah et al. cracking and subsequent breakage because of the internal friction between the rollers and the paddy and the generation of heat. As the endosperm contains pores and void spaces in raw paddy, it is very susceptible to breakage. During longer soaking at high temperature and subsequent steaming, the endosperm swells upon gelatinization (Miah et al., 2002) , causing splitting of the husks and easy separation during husking. Consequently, with increase of soaking time, broken rice as a result of husking decreased from c. 12 to 0.6% (Fig. 10a) and from c. 51% to just over 1% during polishing (Fig. 10b) . This reduction of breakage because of polishing was initially very sharp, but was much less marked after 30 min of soaking.
Conclusions
Soaking in hot water greatly increases the diffusion rate of water into the grains by the capillary movement of water from the surface towards the centre and by molecular absorption and hydration.
Raw rice suffers severe breakage during milling, which could be prevented by proper soaking and parboiling. The hydrodynamic volume of starch increases because of irreversible swelling (gelatinization) during hot water soaking and subsequent steaming, which causes splitting of the husks. In samples subjected to an appropriate duration of soaking, water penetrates into the void spaces of the endosperm, sealing the internal fissures of the grain. The hot soaking process accelerates this healing process. Partial gelatinization plays an important role in obtaining desirable qualities of milled rice. Therefore, the introduction of hot soaking for an appropriate duration saves valuable time, improves the quality of parboiled rice and increases the efficiency of the process.
